All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Cotton (*Gossypium hirsutum* L.) is an economically important crop with a worldwide distribution. Verticillium wilt of cotton, caused by the soil-borne fungus *Verticillium dahliae* Kleb., is an important disease in most cotton-growing areas. Substantial yield losses and reductions in fibre quality can result from severe epidemics. The pathogen can survive for more than 10 years in the absence of hosts in soil as microsclerotia \[[@pone.0132812.ref001]\], which is the primary inoculum of cotton wilt. Reducing the density of viable microsclerotia in soil is one of the key methods to manage wilt. Usually, viable microsclerotium density in soil can be quantified prior to or at sowing in order to predict the risk of wilt \[[@pone.0132812.ref002]--[@pone.0132812.ref005]\]. A plating test with semi-selective media has been used for this purpose \[[@pone.0132812.ref002]--[@pone.0132812.ref005]\]. Recently, several molecular methods based on real-time quantitative PCR (qPCR) have been developed to quantify *V*. *dahliae* population densities in soil \[[@pone.0132812.ref006]--[@pone.0132812.ref010]\], with the detection sensitivities varying considerably among these methods. A high-copy-number target sequence has been used to increase sensitivity of qPCR detection for *V*. *dahliae* \[[@pone.0132812.ref007]\], and a relationship between copy number and density of microsclerotia (and the usual estimated CFU \[colony forming unit\] values via the plating method) has been established \[[@pone.0132812.ref010]\].

Spatial pattern of soil inoculum will affect sampling designs for assessing fungal inoculum and disease development. The scale at which aggregation of *V*. *dahliae* inoculum is detected varies greatly among studies, and even on the same crop species. For example, inoculum was aggregated at the scale ranging from 1 m × 1 m \[[@pone.0132812.ref011]\], to 15.2 m × 15.2 m in a potato field with a high level of wilt incidence \[[@pone.0132812.ref012]\], and intermediate scales between these two extremes \[[@pone.0132812.ref013]\]. Microsclerotia in cauliflower fields in California usually had a low degree of aggregation at the scale of 2 m × 2 m for all 12 sites and aggregation over a larger distance (\> 2 m) was only observed for a few sites \[[@pone.0132812.ref014]\]. Aggregation of microsclerotia was detected within quadrat sizes less than 2 m × 2 m in a fallow field that had been previously planted to cotton \[[@pone.0132812.ref015]\]. Aggregation of mint plants with Verticillium wilt was evident within quadrats of size (0.76 m × 0.76 m) and there was more spread of the disease within than between rows \[[@pone.0132812.ref016]\]. In olives, aggregation of wilted trees were spatially aggregated for quadrat sizes up to 4 m × 4 m (i.e. 16 trees) \[[@pone.0132812.ref017]\].

With the recent advances in real-time PCR-based quantification of *V*. *dahliae* in soil \[[@pone.0132812.ref006]--[@pone.0132812.ref010]\], it is relatively easier to estimate inoculum density and to predict wilt risk prior to sowing, unlike the plating test which usually requires a minimum of eight weeks to complete. To design an efficient sampling scheme for estimating soil inoculum density, a better understanding of spatial aggregation of *V*. *dahliae* inoculum in soils is needed. The present study reports results on spatial patterns of *V*. *dahliae* inoculum and cotton plants with wilt symptoms in commercial plantations with varying levels of wilt incidence. Specifically, we assessed spatial patterns of (ii) soil inoculum determined from point and quadrat sampling at a range of scales (0.25--5.0 m), and (iii) cotton plants with wilt symptoms within and across rows.

Materials and Methods {#sec002}
=====================

The density of *V*. *dahliae* microsclerotia was initially estimated using the wet-sieving plating method \[[@pone.0132812.ref018]\] for the quadrat sampling, and a new wet-sieving qPCR method \[[@pone.0132812.ref010]\] for the point sampling.

Spatial pattern of microsclerotium density {#sec003}
------------------------------------------

In August 1994, three commercial cotton fields with different levels of wilt incidence (cv. Zhong12) in Yangling, Shaanxi Province, China were selected for quadrat sampling. In each field, a plot of 8.4 m × 8.4 m was marked out in the field centre; this plot was then divided into 49 contiguous quadrats of 1.2 m × 1.2 m (within each quadrat, there were two rows, each with 5--6 plants). Within each quadrat, a single core (ca. 2.5 cm in diameter) sample of soil (at depth 0--20 cm) was sampled in late August at each point: near the four corners and the quadrat centre; these five samples were then mixed together, resulting in a single composite sample for each quadrat. Soil inoculum density was estimated using the wet-sieving plating method \[[@pone.0132812.ref018]\]. These three fields were named as Y_A, Y_B and Y_C ([S1 Table](#pone.0132812.s003){ref-type="supplementary-material"}). Disease incidence (0 to 100%) was estimated at the same times for each field plot, consisting of 500--550 plants by counting the number of plants with foliar symptoms of Verticillium wilt ([S1 Fig](#pone.0132812.s001){ref-type="supplementary-material"}).

Point sampling was carried out in 2013 to investigate spatial pattern of microsclerotium density at shorter distances (\< 1.2 m) than the quadrat sampling in 1994. Soil samples were taken from three randomly selected commercial cotton fields (oral permitted by the field owner, Jindong Song, Junyao Zhao, and Youpeng Shao, respectively) in Weinan, Shaanxi Province, China in August 2013 ([S2 Table](#pone.0132812.s004){ref-type="supplementary-material"}). These three fields (W_A, W_B and W_C) were in the traditionally cotton production area but cotton production in the area has been decreasing significantly during the last two decades. Cultivar identity in the three fields was unknown. Plants were grown in two rows in each raised bed (width 60 cm), with 40 cm between the two rows and 80 cm between neighbouring bed centres (giving across-row distance of ca. 40 cm); within-row plant-to-plant distance was ca. 30 cm. Within each field, a plot with 7 consecutive rows of 40 m long was randomly selected (with one constraint---the plots were at least 5 m away from the field edges). In row 2 and 6, soil was sampled in five clusters with an inter-cluster distance of 8.0 m; within each cluster seven individual soil samples were taken at the positions of 0.00, 0.25, 0.50, 1.00, 1.75, 3.00 and 5.00 m ([Fig 1](#pone.0132812.g001){ref-type="fig"}). A single sample consisted of a single core (ca. 2.5 cm in diameter) at the depth of 20 cm. Inoculum density of *V*. *dahliae* in each sample was estimated using a qPCR method \[[@pone.0132812.ref010]\].

![A diagram illustrating the point sample positions.\
Soil was sampled in three commercial cotton fields to study spatial relationship in the density of *Verticillium dahliae* inoculum. Numbers indicate the distances (m) from sampling points to first sampling point in the same row. Sampling was conducted in three commercial fields in late August 2013, Weinan, Shaanxi Province, China.](pone.0132812.g001){#pone.0132812.g001}

Estimation of soil inoculum via the wet-sieving plating {#sec004}
-------------------------------------------------------

The density of *V*. *dahliae* inoculum in each soil sample was estimated using a well-established wet-sieving and plating method \[[@pone.0132812.ref018]\]. Soil samples were first air-dried for 3 weeks to kill conidia and the mycelial fragments of *V*. *dahliae* before sieving. A sample of 20 g soil was placed into a screw-cap bottle and distilled water was added to a volume of 100 ml. The bottle was shaken vigorously for 1 h on a reciprocating shaker at 175 rpm to break-down soil clumps. Then the suspension was washed through 20 μm sieves with 20 cm in diameter, and the residues on the 20 μm sieve (Dahengqiao Laboratory Instrument Ltd., Zhejiang, China) were collected and dispensed into the original bottle, distilled water was added to a volume of 100 ml; the resulting suspension was shaken thoroughly and then 2 ml of the soil suspension were transferred with a pipette to each of 10 modified soil extract agar (MSEA) plates (90 mm in diameter). A glass spreader was used to distribute the 2 ml suspension over the MSEA plate surface. The plates were then incubated at 22°C for 4 weeks in the dark, after which the soil was washed away from the surface and the plates were then inverted to dry at room temperature, and then scanned for colonies of *V*. *dahliae* at 24× under a dissecting microscope (SMZ-10 Nikon, Japan). The sieves were thoroughly washed and rinsed between samples by means of an ultrasonic cleaning bath.

Estimation of soil inoculum via a wet-sieving qPCR method {#sec005}
---------------------------------------------------------

This wet-sieving qPCR method was recently developed that can quantify *V*. *dahliae* soil inoculum as low as 0.5 CFU g^-1^ of soil, and the estimated CFU is linearly highly related to the CFU values estimated by the wet-sieving plating method (R^2^ = 0.96) \[[@pone.0132812.ref010]\]. Initially, an air-dried soil sample of 20 g was treated as in the wet-sieving plating method. The residual contents on the 20 μm sieves after washing were washed into a 50 ml centrifuge tube. The tube was then centrifuged at 8,000 rpm for 5 min. The supernatant was discarded. The left pellet was kept at -60°C for 12 h in a vacuum freeze dryer (SIM, USA). All the dried pellets were weighted and a tenth of weight (0.20--0.25 g) was used for DNA extraction. Each sample was placed in a 2 ml DNA extraction tube containing lysing matrix E, which is a mixture of ceramic and silica particles to lyse all soil organisms efficiently, frozen in liquid nitrogen for 1 min, and then placed in a Micro Homogenizing system (Tomy MS-100, Japan) at 5000 rpm for 40 s. These two steps were repeated before adding of 978 μl of sodium phosphate buffer, and 122 μl of MT buffer (supplied with the FastDNA Spin kit). Total DNA of soil samples were extracted using FastDNA Spin Kit for Soil (MP Bio-medical, USA) following the manufacturer′s protocol with several modifications as follows: (i) instead of allowing the Binding Matrix to settle, the tubes were briefly centrifuged at 11,500 rpm and then the supernatant was removed, (ii) the pellet was washed by gentle re-suspension in 1 ml of 5.5 M guanidine thiocyanate (Sigma, USA) and tubes were centrifuged briefly at 11,500 rpm; then the supernatant was removed until the silica had returned to its original color, (iii) after the last wash, the silica was re-suspended in 1 ml of 5.5 M guanidine thiocyanate before being transferred to a spin filter for centrifugation. To ensure comparability between samples, the final elution volume of 50 μl was used for all samples and 1 μl DNA solution was used as template for qPCR assay.

A primer pair specific to *V*. *dahliae* (forward Vd-F929-947: `5′-CGTTTCCCGTTACTCTTCT-3′`, and reverse Vd-R1076-1094: `5′-GGATTTCGGCCCAGAAACT-3′`) was designed from the high copy number intergenic spacer (IGS) of rDNA \[[@pone.0132812.ref007]\]. Amplification reactions were performed in 8-well tubes using an iQ5 ICycler instrument (Bio-Rad Laboratories, CA, USA). PCR reactions of 25 μl contained 1 μl of template DNA, and 12.5 μl 2×UltraSYBR Mixture with Rox (ComWin Biotech, Beijing, China), 1 μM of each of the primer pair, and 10 μl of nanopure water. The amplification program consisted of initial denaturation of 10 min at 95°C followed by up to 40 cycles of 95°C for 30 s, 62°C for 30 s and 72°C for 30 s.

A series of samples with known copy numbers of *V*. *dahliae* IGS in plasmid were used to construct a standard curve for qPCR. The *V*. *dahilae*-specific band amplified by the primer pair was purified using an Agarose Gel Extraction Kit (Roche Inc., Germany) and cloned into the pMD18-T vector (TaKaRa Biotechnology, Japan). The recombined vector was used to transform *Escherichia coli* DH5α competent cells using the electro-transformation method \[[@pone.0132812.ref019]\]. The number of copies of DNA μl^-1^ was estimated using a standard curve \[[@pone.0132812.ref010]\]. A 10-fold serial dilution of the plasmid DNA, ranging from 3.25×10^0^ to 3.25×10^5^ copies μl^-1^ (total six concentrations), was prepared and stored at -40°C until use for constructing a standard curve in duplicate for every plate (i.e. every qPCR run). Sterilised nanopure water was used as a negative control. All samples in this study were amplified in quadruplicate. Thus, a new standard curve relating Cq (quantification cycle) to DNA copy number was estimated for each run and used to estimate DNA copy number for each sample. The estimated DNA copy number by qPCR for each sample was then converted into microsclerotium number based on a previously established relationship between copy number and number of microsclerotia \[[@pone.0132812.ref010]\]. Namely, soil samples (from soil grown with non-*Verticillium* hosts for many years---hence likely to be free of *V*. *dahliae* inoculum; the soil was also autoclaved at 121°C and 115 kPa twice for 45 min each to kill microorganisms) were amended with known number of *V*. *dahliae* microsclerotia to obtain soil samples with one of the following nine microsclerotium densities: 0, 0.5, 1, 5, 10, 50, 100, 200, 500 and 1000 microsclerotia per gram of dry soil. Three replicates for each inoculum density were analysed using the qPCR method. A linear model (*y* = 48.429 *x*) was then derived to relate the estimated DNA copy numbers (*y*) to the corresponding microsclerotium density (*x*) \[[@pone.0132812.ref010]\].

Spatial pattern of cotton plants with wilt symptoms {#sec006}
---------------------------------------------------

Wilt development was assessed in six commercial fields: the three fields used for point sampling of soil inoculum (W_A, W_B and W_C) ([S3 Table](#pone.0132812.s005){ref-type="supplementary-material"}) and three fields in the Xinjiang Autonomous Region, China during the period of late August to early September 2013 ([S4 Table](#pone.0132812.s006){ref-type="supplementary-material"}). Cotton in Xinjiang was normally grown in larger state farms, receiving far less management interventions than in Weinan where W_A, W_B and W_C were located. The distance between the two sampling areas was \> 2500 km. Three fields in Xinjiang (X_A, X_B and X_C) were selected for wilt assessment, representing each of the three levels of wilt development (low, moderate and severe).

In W_A, W_B, and W_C, wilt on all plants was recorded for the seven rows for a length of 40 meters ([Fig 1](#pone.0132812.g001){ref-type="fig"}) (soils in row 2 and 6 in each field were used for point sampling to study the spatial relationship of inoculum density); there were ca.140-150 plants per row within the length of 40 m. In Xinjiang, wilt was assessed on all plants of cv. Xinluzhong28 (tolerant to wilt) in a plot of size 20 rows with 300 plants per row in each field. Plants were grown in double rows (distance ca. 10 cm); every six rows (i.e. three double rows) were cover under the same polythene. There was a gap of ca. 60 cm between two 'double-rows' where a pipeline was located to provide dripping irrigation---two gaps among the six consecutive rows. There was a distance of 20 cm (instead of 60 cm as there was no pipeline) between the two 'six-rows' units. Within each row, the plant-to-plant distance was ca. 10 cm. Wilt severity on individual plants based on foliar symptoms ([S1 Fig](#pone.0132812.s001){ref-type="supplementary-material"}) was recorded on a scale of 0 to 4: 0---no symptoms; 1---≤ 25% leaves with wilt symptoms; 2---leaves with wilt symptoms \> 25% and ≤ 50%; 3---leaves with wilt symptoms \> 50% and ≤ 75%; and 4---\> 75% leaves with wilt symptoms \[[@pone.0132812.ref020]\]. In all fields, locations of gaps (missing plants) were also recorded.

Data analysis {#sec007}
-------------

The qPCR data were analysed with the iQ5 software (version 2.1) to generate amplification, standard, and melting curves. Amplification efficiency (E) was calculated as $E = 10^{- slope^{- 1}} - 1$, where slope is the slope of the standard curve using dilution series plamids of intergenic spacer (IGS) fragment.

For the quadrat data, aggregation of *V*. *dahliae* inoculum within quadrats was tested by first assessing whether CFU values of individual quadrats could fit a Poisson distribution and then calculating spatial autocorrelation up to a spatial lag distance of 4.8 m (i.e. over four consecutive quadrats). Counts data of microsclerotia are expected to follow a Poisson distribution if individual microsclerotium was randomly distributed at the scale of assessment. If CFU values failed to fit a Poisson distribution, the data were fitted to a negative binomial distribution.

For the point data, CFU data were first transformed to the natural logarithm. Row effects were removed within each field by subtracting the row average CFU from the individual CFU values. Spatial autocorrelation up to a spatial lag of 16 m was then calculated for the data pooled over the two rows in each field. The number of pairs of data points at a given spatial lag was recorded in order to estimate the significance of an observed spatial autocorrelation.

Join-count statistics were used to determine whether cotton plants with wilt symptoms were spatially aggregated and, if so, the spatial scale at which the aggregation was observed. The join-count analysis is closely related to the autocorrelation for binary data (diseased or healthy). In join-count analysis, individual plants were classified either as diseased (D) when wilt score \> 0 or healthy (H). Join-count for pairs of plants at a certain distance (i.e. spatial lag, quantified as number of plants) apart with the same status (i.e. HH or DD) was calculated from a given data set (wilt status of all plants assessed in a given field). Join-count statistics (i.e. number of HH or DD pairs) were calculated for both within and across rows for pairs of plants with a distance up to 20 plants apart. Join-count statistics were obtained for individual rows within each field and then pooled over all within-rows for each field. Across-row join-count analysis was only applied to three fields in Weinan (W_A, W_B and W_C) because of unequal row-to-row distances at individual fields in Xinjiang (X_A, X_B and X_C).

Instead of using parametric tests of join-count statistics \[[@pone.0132812.ref021]\] for existence of significant association, permutation test was used to assess whether join-count statistics (DD) for the observed data was greater than those obtained under the assumption of a random pattern. Permutation test was used because there was varying number of missing plants within each sampling plot. In each permutation, each of observed wilt score within each row was randomly assigned to a plant at a non-missing position in the same row; thus locations of the gaps \[i.e. positions with missing plants\] in the assessed rows were never allowed to be assigned wilt scores. Therefore, the permutation was conditional on those positions where plants were present at the time of assessment. For each permutated data set, join-count statistics were obtained as for the observed data set. A total of 199 permutations were done for within-row or across-row joint-count tests for each field. Therefore, there were 200 (199 permutated ones and one observed) DD values at each distance lag for a given direction (within or across row) in each field. Significance of DD at each lag was determined by comparing the observed value with the corresponding 199 values from permutated data sets.

To study the relationship of the inoculum density with wilt severity on individual plants, wilt severity score data were first converted to two outcomes (healthy or wilt), because only a few plants had wilt scores of 2 or above, particularly for fields W_B and W_C. A logistic model was then fitted to this new data set assuming that errors follow a binomial distribution, i.e. ln\[*p*/(1-*p*)\] = *α*+*βx*, where *x* is the transformed CFU value: *x* = log~10~(*CFU*+1). An inoculum threshold for causing wilt development on individual plants was then estimated as *x* = 10^-α/β^-1 (i.e. when the probability of wilt development is 0.5). The three fields were treated as a factor when fitting the equation.

Autocorrelation and join-count statistics (including permutation analysis) were calculated using programming codes specifically written in R (version 3.0.3).

Results {#sec008}
=======

Spatial pattern of *V*. *dahliae* microsclerotia in soil {#sec009}
--------------------------------------------------------

The incidence of wilt in the three fields used for quadrat sampling of microsclerotia was 46%, 38% and 14% for field Y_A, Y_B and Y_C, respectively. Spatial distribution of inoculum in the 49 contiguous quadrats is shown in [Fig 2](#pone.0132812.g002){ref-type="fig"} for the three fields. Y_A and Y_C had an overall greatest and lowest CFU, respectively. CFU values per gram of soil ranged from 0 to 9 (mean = 2.08, variance = 5.06) for Y_A, from 0 to 5 (mean = 1.15, variance = 0.91) for Y_B, and from 0 to 8 (mean = 0.55, variance = 1.23) for Y_C. Of the three fields, only CFU data from Y_A could not be fitted to a Poisson distribution but were satisfactorily described by a negative binomial distribution (estimated parameter k value = 0.954 ± 0.340). Spatial autocorrelation was not statistically significant for all spatial lags (up to 4.8 m) for any of the three fields: all spatial autocorrelation coefficients were within the range of -0.22 and 0.26.

![Spatial pattern of *Verticillium dahliae* inoculum in quadrats.\
The inoculum density (CFU g^-1^ of soil) of *V*. *dahliae* were estimated in three commercial cotton fields (Y_A, Y_B, and Y_C) using the wet-sieving plating method. Within each field, the sampling plot was divided into 49 (7 × 7) quadrats of the 1.2 m × 1.2 m size. Within each quadrat, a single core (ca. 2.5 cm in diameter) sample of soil (at depth 0--20 cm) was sampled in late August at each of five points: near the four corners and the quadrat centre point; these five samples were then mixed together, resulting in a single composite sample for each quadrat.](pone.0132812.g002){#pone.0132812.g002}

A total of 11 qPCR runs were carried out to quantify *V*. *dahliae* inoculum density for 210 soil samples from W_A, W_B and W_C fields. In every run, there was a linear relationship (R^2^ \> 0.98 with an average of 0.994) between the log of copy number of the *V*. *dahliae* IGS fragment and Cq (quantification cycle) value; an example of such a relationship is shown in [Fig 3](#pone.0132812.g003){ref-type="fig"}. The amplification efficiency ranged from 0.96 to 1.08 with an average of 1.04. The Cq values for no template controls (NTC) were \> 40 or no amplification was observed.

![Inoculum density of *Verticillium dahliae* from point sampling.\
Histogram (A) and spatial pattern (B) of estimated inoculum density (CFU g^-1^ of soil) of *Verticillium dahliae* in three commercial cotton fields (W_A, W_B, and W_C) using a real-time quantitative PCR method. Within each row, 35 soil samples (at depth 0--20cm) were taken; the circle size is proportional to the CFU estimate at the point (the largest circle corresponds to 300 CFU g^-1^ of soil in W_C).](pone.0132812.g003){#pone.0132812.g003}

The distribution of estimated CFU values was skewed for the three fields ([Fig 3A](#pone.0132812.g003){ref-type="fig"}), particularly for W_B and W_C. In W_B, there were more samples with low CFU values (≤ 3.0), whereas in W_C, there were more samples with either low (≤ 1.0) or high (\> 20) CFU values ([Fig 4A](#pone.0132812.g004){ref-type="fig"}). There were large variations among estimated CFU values within each field ([Fig 3](#pone.0132812.g003){ref-type="fig"}). CFU values per gram of soil ranged from 0.0 to 249.0 (median = 2.5) for W_A, from 0.0 to 73.0 (median = 1.3) for W_B, and from 0.0 to 300.4 (median = 1.5) for W_C. Only 17 out of the 210 samples had inoculum density more than 20.0 CFU g^-1^ of soil: 13 of these samples were from W_C ([Fig 3A](#pone.0132812.g003){ref-type="fig"}). Only seven samples had CFU values \> 50 g^-1^ of soil: 73.2, 90.6, 124.0, 153.4, 224.7, 249.3 and 300.4.

![Spatial autocorrelation of inoculum density of *Verticillium dahliae* from point sampling.\
(A) individual fields, and (B) pooled over three fields. Within each field, 70 samples were collected by point sampling (at depth 0--20 cm).](pone.0132812.g004){#pone.0132812.g004}

When spatial autocorrelation was calculated separately for each field, only correlation at the spatial lag of 1.0 m was statistically significant (P \< 0.05, [Fig 4A](#pone.0132812.g004){ref-type="fig"}) in field W_A. When pooled over all three fields, autocorrelation was significant (P \< 0.05) only at spatial lags of 0.25 and 1.0 m ([Fig 4B](#pone.0132812.g004){ref-type="fig"}).

Spatial pattern of cotton plants with wilt symptoms {#sec010}
---------------------------------------------------

[Fig 5](#pone.0132812.g005){ref-type="fig"} shows wilt severity for W_A, W_B and W_C; wilt incidence was 56%, 33% and 34% for field W_A, W_B and W_C ([Table 1](#pone.0132812.t001){ref-type="table"}), respectively. For all three fields, join-count statistics were significant (P \< 0.01) for within-row neighbouring plants ([Table 2](#pone.0132812.t002){ref-type="table"}). The DD values for within-row neighbouring plants (i.e. lag 1, 0.3 m) were 588, 503 and 337 for W_A, W_B and W_C, respectively, compared to the corresponding maximum values of 491, 447 and 319 from the 199 permutations. The join-count value at within-row lag 2 (0.6 m) was significant at 5% for W_B only. None of the across-row join-count statistics was statistically different from the expected under the assumption of a random pattern.

10.1371/journal.pone.0132812.t001

###### Number of cotton plants in each wilt category, assessed in six commercial plantations in 2013.

![](pone.0132812.t001){#pone.0132812.t001g}

  Field[^a^](#t001fn001){ref-type="table-fn"}   Wilt severity score[^b^](#t001fn002){ref-type="table-fn"}                       
  --------------------------------------------- ----------------------------------------------------------- ------ ----- ------ ------
  W_A                                           429                                                         354    148   34     1
  W_B                                           558                                                         268    12    0      0
  W_C                                           419                                                         139    46    21     7
  X_A                                           825                                                         712    853   1513   1585
  X_B                                           3121                                                        1485   589   177    105
  X_C                                           4704                                                        730    66    13     10

^a^ Three plantations were located in Weinan, Shaanxi (W_A, W_B, W_C) and three in Xinjiang (X_A, X_B, X_C).

^b^Wilt severity on individual plants was recorded on a scale of 0 to 4: 0---no symptoms; 1---≤ 25% leaves with wilt symptoms; 2---leaves with wilt symptoms \> 25% and ≤ 50%; 3---leaves with wilt symptoms \> 50% and ≤ 75%; and 4---\> 75% leaves with wilt symptoms.

10.1371/journal.pone.0132812.t002

###### Within-row join-count test results for aggregation of cotton plants with wilt symptoms in three commercial fields in Weinan, Shaanxi for spatial lags with significant or close-to-significant aggregation detected.

Wilt was assessed in late August 2013. There was no between-row aggregation for three fields in Weinan; between-row join-count analysis was not done for the three Xinjiang fields because of variable row-to-row distances.[^a^](#t002fn001){ref-type="table-fn"}

![](pone.0132812.t002){#pone.0132812.t002g}

  ----------------- -------------------------------------- ------------------- ------------------ ----------
  **Weinan**        **Spatial lag (distance in meters)**                                          
                    0.3                                    0.6                 0.9                
  W_A               **588**                                471                 407                
  (413, 491, 1)     (415, 500, 36)                         (415, 494, 200)                        
  W_B               **503**                                **424**             415                
  (382, 447, 1)     (369, 437, 8)                          (367, 427, 134)                        
  W_C               **337**                                280                 252                
  (268, 319, 1)     (255, 309, 99)                         (245, 309, 198)                        
  **Xinjiang**      **Spatial lag (distance in meters)**                                          
                    0.1                                    0.2                 0.3                0.4
  X_A               **4056**                               **3953**            **3886**           **3863**
  (3814, 3912, 1)   (3778, 3885, 1)                        (3759, 3885,1)      (3745, 3889, 3)    
  X_B               **2998**                               **2830**            **2791**           2744
  (2671, 2854, 1)   (2652, 2818, 1)                        (2651, 2846, 2)     (2609, 2802, 29)   
  X_C               **3929**                               3794                3265               3789
  (3789, 3903, 1)   (3770, 3857 169)                       (3747, 3850, 186)   (3732, 3829, 67)   
  ----------------- -------------------------------------- ------------------- ------------------ ----------

^a^Data in bold figure indicate a significant join-count DD value (i.e. aggregation of wilted plants); the three numbers in the bracket represent the minimum and maximum of the join-count DD values in the 199 permutations, and the rank (in the descending order) of the observed join-count in the 200 values (199 permutations and the observed), respectively. The probability of aggregation at a specific lag is estimated by dividing the rank by 200.

![Spatial pattern of wilted cotton plants in commercial fields.\
Wilt severity was assessed in late August and early September on a scale of 0--4: 0---no symptoms; 1---leaves with wilt symptoms ≤ 25%; 2---leaves with wilt symptoms \> 25% and ≤ 50%; 3---leaves with wilt symptoms \> 50% and ≤ 75%; and 4---\>75% leaves with wilt symptoms. Although wilt incidences for W_B and W_C were similar (33% vs. 34%), the apparent difference in the heat maps (B-C) was likely due to the differences in number of missing plants in each field: 15% and 23% of plants were missing for W_B and W_C, respectively. White colour indicates a missing plant position.](pone.0132812.g005){#pone.0132812.g005}

Incidence of wilt was much higher in field X_A (85%) than in field X_B (43%) and X_C (15%) ([Table 1](#pone.0132812.t001){ref-type="table"}); furthermore, wilt was more severe in X_A than X_B and X_C ([Fig 5D--5F](#pone.0132812.g005){ref-type="fig"}, [Table 1](#pone.0132812.t001){ref-type="table"}). About 56% of plants in X_A had wilt scores of at least 3, compared to 5% in X_B and 0.4% in X_C. Within-row join-count statistics (DD) were significantly greater than the expected under the assumption of a random pattern for lag 1--3 (0.1--0.3 m, P \< 0.01) and lag 4 (0.4 m, P \< 0.05) for X_A ([Table 2](#pone.0132812.t002){ref-type="table"}). For X_B, within-row join-count statistics were significant for lag 1--3 (0.1--0.3 m, P \< 0.01) ([Table 2](#pone.0132812.t002){ref-type="table"}). For X_C, within-row join-count statistics were only significant (P \< 0.01) for neighbouring plants, i.e. lag 1 (0.1 m) ([Table 2](#pone.0132812.t002){ref-type="table"}).

Relationship between CFU and wilt status of individual plants {#sec011}
-------------------------------------------------------------

Increasing CFU values in general led to higher incidence ([Fig 6](#pone.0132812.g006){ref-type="fig"}). This relationship can be satisfactorily described by a logistic model:

![Estimated *Verticillium dahliae* inoculum densities in soil plotted against wilt scores of individual plants.\
These plantations (W_A, W_B, W_C) were located in Weinan, Shaanxi. The distance between soil sampling points and the plant stem was ca. 15 cm. Wilt on each plant in each plant was scored as: 0---no symptoms; 1---leaves with wilt symptoms ≤ 25%; 2---leaves with wilt symptoms \> 25% and ≤ 50%; 3---leaves with wilt symptoms \> 50% and ≤ 75%; and 4---\>75% leaves with wilt symptoms.](pone.0132812.g006){#pone.0132812.g006}

for the field W_A: ln\[*p*/(1-*p*)\] = -1.582+4.378*x*

and for the fields W_B and W_C: ln\[*p*/(1-*p*)\] = -1.582+1.729*x*.

The standard errors for the three parameter estimates were 0.300 (the intercept), 0.804 (the slope for W_A) and 0.470 (the slope for W_B and W_C). This model explained about 23.6% of the total deviance. Based on the models, threshold CFU values for wilt infection were estimated to be \~1.6 and 7.2 g^-1^ of soil for the field W_A and W_B/W_C, respectively.

Discussion {#sec012}
==========

The spatial aggregation of *V*. *dahliae* microsclerotia and plants with wilt symptoms is most likely within a distance of 1.0 m in commercial cotton fields in China. The distribution of microsclerotium density was skewed for all testing fields. There were large variations among estimated CFU values within each field. For cotton plants with wilt, join-count statistics were significant for within-row neighbouring plants.

Quantitative real-time PCR is now commonly used for rapid and accurate quantification of fungal biomass. This approach relies on a standard curve relating Cq values to the actual copy number of particular DNA target \[[@pone.0132812.ref022], [@pone.0132812.ref023]\]. The present study, unlike previous studies on quantification of *V*. *dahliae* DNA \[[@pone.0132812.ref007]--[@pone.0132812.ref009]\], used a cloned target sequence as the standards in all qPCR runs to establish the standard curves. A cloned target DNA sequence is more stable than PCR products or genomic DNA \[[@pone.0132812.ref022]\]. All the qPCR runs had amplification efficiency within 0.96--1.08. The relationship between IGS copy and microsclerotium numbers may vary with individual *V*. *dahliae* strains since there are about 24--73 copies (average of ≈46) of this region per haploid genome of *V*. *dahliae* \[[@pone.0132812.ref007]\]. This variability is relatively small when compared to the variability in the diameter of microsclerotia in naturally infested soils: ranging from 11 to 125 μm \[[@pone.0132812.ref024]\]. Indeed given our limited knowledge on the germination behaviour of individual microsclerotia (e.g., repeated germination, which could be related to the microsclerotium size), we are unlikely to be able to estimate the true inoculum potential of *V*. *dahliae* microsclerotia; this also applies to the standard wet-sieving method. Inhibition of PCR amplification in soil may also cause errors in inoculum estimation. The soil DNA extraction method used in this study was able to reduce much the inhibition of PCR \[[@pone.0132812.ref010]\], which used soil samples from the same three fields (W_A, W_B, and W_C) as the current study.

The estimated inoculum densities for the three fields in Yangling (0--9 CFU g^-1^ of soil) were lower than the three fields in Weinan (0--300 CFU g^-1^ of soil: 177 of the total 184 samples had CFU \< 50). For the Yangling fields, soils were sampled using a quadrat sampling scheme and CFU quantified by the wet-sieving plating method. On the other hand, for the Weinan fields soils were sampled as composite samples of five cores and CFU quantified by a wet-sieving qPCR method. These two CFU quantification methods produced comparable levels of estimated inoculum density \[[@pone.0132812.ref010]\], which are similar to those estimated CFU values in the present study. In addition to the differences in inoculum density between plots, the large differences in estimated inoculum densities between the Yangling and Weinan sites are most likely caused by the differences in sampling as a consequence of pooling five core soil samples. The overall incidence of Verticillium wilt increased with increasing inoculums density for a given site as demonstrated in previous studies \[[@pone.0132812.ref002]--[@pone.0132812.ref005], [@pone.0132812.ref010]\]. Moreover, the estimated inoculum threshold values for causing wilt on individual plants are similar to those values published previously \[[@pone.0132812.ref010]\], depending on cultivars.

Aggregation of *V*. *dahliae* inoculum in soil or cotton plants with wilt symptoms was not likely to be beyond the scale of 1.0 m. The extent of aggregation appeared to increase with increasing disease severity, which has been observed in many experimental and theoretical models \[[@pone.0132812.ref021], [@pone.0132812.ref025], [@pone.0132812.ref026]\]. The present finding of aggregation of *V*. *dahliae* inoculum in soil and wilted plants at a small scale agrees with findings of several previous studies on *V*. *dahliae* of other host plants. For example, aggregation of *Verticillium* inoculum in mint fields \[[@pone.0132812.ref016]\] and in cauliflower fields in California was usually around 2 m \[[@pone.0132812.ref014]\]. However, aggregation of *V*. *dahliae* inoculum was observed at a much larger scale (ca. 15 m) in potato fields \[[@pone.0132812.ref012], [@pone.0132812.ref013]\]. The nature of potato tuber harvesting may explain this result: soil can potentially be moved during potato harvesting, and not in cotton, where individual plants are usually pulled out from soil manually in China.

Inoculum density of *V*. *dahliae* in soil is known to vary within and between seasons. For example, inoculum density was lower in the spring than in the fall in potato fields \[[@pone.0132812.ref027], [@pone.0132812.ref028]\]. Although the density of microsclerotia decreased in cotton field soils during spring and summer, infested plant debris at harvest that was released to the soil in fall likely to increased inoculum density \[[@pone.0132812.ref029], [@pone.0132812.ref030]\]. Recently, there are also study demonstrating that inoculum density in soil in the spring, summer and even winter were higher than those recorded in September/October in cauliflower fields \[[@pone.0132812.ref031]\]. In the present study, we were primarily interested in the spatial correlation of inoculum density instead of the absolute inoculum potential. Thus, the seasonal dynamics in inoculum density (indeed possible errors in the qPCR method) is not unlikely to alter the conclusions regarding spatial correlation qualitatively.

As reported previously in mint fields \[[@pone.0132812.ref016]\] and olive orchard \[[@pone.0132812.ref017]\], more clustering was detected within than across crop rows, indicating more spread of the disease within than between rows in the three fields in Weinan. Disease spread within rows could result from (i) scattering of infected cotton debris at harvest, which is more likely to occur within rows, (ii) root contact between plants being more likely within rows than across rows, and/or (iii) dispersal of inoculum in irrigation water along rows. Microsclerotia of *V*. *dahliae* can be carried in water and were detected in irrigation water at the ends of, but not at the beginning of, irrigation furrows in potato crops \[[@pone.0132812.ref032]\], and in olive groves \[[@pone.0132812.ref033]\].

In summary, the present study showed that clustering of *V*. *dahliae* inoculum and plants with wilt symptoms is most likely within a distance of 1.0 m. Thus, to estimate the overall inoculum level of a given field for predicting wilt risk prior to planting, a simple random sampling plan with minimum spatial distance of 2.0 m between any two samples should be able to provide an unbiased estimate, whilst the number of samples determines the accuracy of the estimate. Such a random sampling plan can be further enhanced by stratification, taking into account other field-specific features that may affect inoculum production and survival of *V*. *dahliae*. Such features may include soil characteristics and the presence of moisture gradients. On the other hand, to study spatial dynamics of *V*. *dahliae* in cotton, minimal spatial distance between two samples needs to be much less than 1.0 m.

Supporting Information {#sec013}
======================

###### Symptoms of cotton Verticillium wilt caused by *Verticillium dahliae*.

A whole cotton plant with severe wilt (A) and a cotton leaf with the typical Verticillium wilt (B). Photos were taken in a commercial cotton field.

(TIF)

###### 

Click here for additional data file.

###### Standard curve of real time quantitative PCR (qPCR).

A standard curve relating the quantification cycle value to copy number (logarithmically transformed) of dilution series plamids of intergenic spacer (IGS) fragment from the JY strain. Amplification efficiency was $E = 10^{- slope^{- 1}} - 1$.

(TIF)

###### 

Click here for additional data file.

###### *Verticillium dahliae* inoculum densities in soil in Yangling fields (quatdrats sampling).

(XLS)

###### 

Click here for additional data file.

###### *Verticillium dahliae* inoculum densities in soil and wilt scores of individual plants in Weinan fields (point sampling).

(XLS)

###### 

Click here for additional data file.

###### Spatial patterns of wilted cotton plants in Weinan fields.

(XLS)

###### 

Click here for additional data file.

###### Spatial patterns of wilted cotton plants in Xinjiang fields.

(XLS)

###### 

Click here for additional data file.
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